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Two of the most striking and yet unresolved manifestations of the hidden order (HO) in
URu2Si2, are associated on one hand with the double-step metamagnetic transitions and
on the other with the giant anomalous Nernst signal. Both are observed when a magnetic
field is applied along the c-axis. Here we provide for the first time a unified understanding
of these puzzling phenomena and the related field-temperature (B − T ) phase diagram. We
demonstrate that the HO phase at finite fields can be explained with a chiral dxy + idx2−y2
spin density wave, assuming that the zero field HO contains only the time-reversal symmetry
preserving id
x2−y2
component. We argue that the presence of the field-induced chiral HO
can be reflected in a distinctive non-linear B-dependence of the Kerr angle, when a Kerr
experiment is conducted for finite fields. This fingerprint can be conclusive for the possible
emergence of chirality in the HO.
Keywords: URu2Si2; hidden order; chirality; itinerant metamagnetism; anomalous Nernst
effect; polar Kerr effect.
1. Introduction
The ‘hidden’ order (HO) transition of heavy fermion URu2Si2 [1] attracted enor-
mous attention due to the mismatch of its specific heat jump at To=17.5K and the
concomitant c-axis oriented tiny antiferromagnetic moment 0.03µB/U , of wave-
vector Q0 = (0, 0, 1) [2, 3]. This incompatibility has raised great controversy
on whether the genuine spin-dipolar antiferromagnetic moment inferred from the
Bragg reflection at Q0 [4], may be the driving order parameter of this transition.
In fact, NMR measurements [5, 6] and Larmor diffraction [7], suggest that an-
tiferromagnetism is inhomogeneous and parasitic in the HO phase. In addition,
experiments have found no evidence for higher spin-correlators [8].
Inelastic neutron scattering (INS) measurements [9–13], have revealed two
gapped spin excitations at the wave-vectors Q = (1, 0, 0) (equivalent to Q0)
and Q1 = (1 ± 0.4, 0, 0). Specifically, the first resonance always accompanies the
HO phase and disappears in the pressure-induced large moment antiferromagnetic
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(LMAF) phase [12, 13] of URu2Si2. In stark contrast, the second persists and ac-
quires a larger gap upon effecting pressure. Moreover, the emergence of incommen-
surate excitations can be only understood within an itinerant picture [11], clearly
contradicting the predictions of a number of theoretical models, solely based on the
localized nature of the U-5f electrons [14–18]. The itinerant perspective [19–31] is
also supported by the existence of strong Fermi surface nesting at Q1 [23, 32] and
the recent verification of Fermi surface gapping in Angularly Resolved Photoemis-
sion Spectroscopy (ARPES) experiments [33, 34].
Under strong external magnetic fields applied along the c-axis and at sufficiently
low temperature, URu2Si2 exhibits a cascade of transitions from the HO to a
multitude of unidentified phases that bear similarities with the HO [35, 36]. The
sharpest of these transitions are from the HO to a re-entrant HO (RHO) phase
around 35T and to a polarized paramagnetic phase near 39T. These are accom-
panied by double-step itinerant metamagnetism, i.e. two first order jumps in the
magnetization; one entering and another one leaving the RHO regime [36]. At e-
levated temperatures, the transitions become second order, signalling the presence
of a metamagnetic critical end point (MCEP) in the B − T phase diagram of this
material. This intricate behavior, is reminiscent to the case of Sr3Ru2O7 [37], a pro-
totypical itinerant metamagnet, thus providing further support for the importance
of itinerant electron physics in the HO phase.
Apart from the remarkable changes in the phase diagram of the HO, transport
measurements under applied magnetic fields inside the HO have revealed that this
compound is characterized by an anomalous thermoelectric behaviour up to 35T
[38, 39], where the HO has been considered to collapse [39]. The arising Nernst
signal has a positive sign and a giant magnitude of several µV/K, while the tem-
perature evolution of the Nernst response resembles to a ‘tilted-hill’, demonstrating
a peak at about 3-4K, where it reaches the value of 30µV/K for B ≃ 12T. Up to
now, the enhanced Nernst signal has been solely viewed as the signature of the
semi-metallic character of this electron-hole compensated metal [38, 39].
Here, we propose that the HO in the B−T phase diagram of URu2Si2 is a chiral
dxy+idx2−y2 spin density wave (d-SDW) phase. Within a mean-field approximation
we reproduce self-consistently the experimentally resolved B − T phase diagram
of this compound. Moreover, we provide a unified explanation for the emergence
of characteristic phenomena that accompany the HO phase such as the puzzling
metamagnetism [35, 36] and the giant Nernst signal [38, 39]. In addition, we propose
a Kerr angle measurement in the presence of an external magnetic field, that could
directly identify the formation of a chiral HO in this compound, through the non-
linear B-dependence associated with the induced chirality. Note that our proposal
is also compatible with the chiral superconducting state that is believed to appear
within the HO [40].
2. Mean-field description of the field induced chiral d-SDW HO
The particular dxy + idx2−y2 momentum structure of the order parameter is consi-
dered here to originate from repulsive nearest and next-nearest inter-site Coulomb
interactions of the form
∑
i 6=j Vijninj, while it is described by a two component c-
axis polarized spin-triplet order parameter ∆z(k) = ∆1 sin kx sin ky − i∆2(cos kx−
cos ky), with the second of them bearing similarities to orbital orders already pro-
posed for URu2Si2 [19–22, 27, 28]. The additional dxy component renders the HO
chiral rather than orbital, violating time-reversal symmetry in a macroscopic level
due to the development of an intrinsic orbital ferromagnetic moment. It has been
August 18, 2018 Philosophical Magazine Magnetic˙field˙induced˙chiral˙HO
3
shown, that due to this orbital magnetic-field-coupling, any unconventional density
wave of the form idx2−y2 will acquire an additional field-dependent dxy component
[41, 42]. Even if the chiral order does not appear in zero-field, it will be necessarily
field-induced, affecting the B−T phase diagram of the HO and every transport mea-
surement realized in the presence of a field, such as the Nernst effect. In fact, when
one of the two components is solely field-induced, the chiral order may be viewed
as a magnetic-field-renormalized orbital order (see Appendix). In this sense, our
theory is fully compatible with all the earlier proposed orbital-order-based models
[19–22, 27, 28] and it could be considered as a natural and necessary extension to
them.
However, the chiral order exhibits properties not familiar to orbital orders. Ge-
nerally the spontaneous appearance of a chiral phase leads to a polar Kerr effect
[43] and the generation of anomalous Hall electric [44] and thermoelectric currents
[45, 46], including the ‘tilted-hill’ giant Nernst signal recently shown to arise in
strongly insulating chiral condensates [46]. In the present case, the chiral HO will be
field-induced and it will manifest its presence in all the phenomena mentioned above
through the characteristic non-linear field-dependence of the dxy order parameter.
3. Metamagnetism within our self-consistently extracted magnetic
field-temperature phase diagram
The resulting B − T phase diagram is depicted in Fig. 1a,b. We observe that our
phase diagram grasps to a large extent both qualitative and quantitative features
of the experimental observations [35, 36]. At B = 0T, ∆1 = 0 and ∆2 = 1.55meV.
The latter order parameter corresponds to the idx2−y2 component which as we
observe in Fig. 1c, slightly decreases upon raising the magnetic field for low tem-
peratures. In contrast, the dxy order parameter ∆1, rises monotonically. A MCEP
[37] (MCEP) is located at Bc1 = 33.5T and T≃3K, down to which the driving
HO gap, ∆2, evolves continuously with the magnetic field satisfying the quadratic
relation ∆2(Bz)/∆2(0) ≃ 1−(Bz/Bc1)
2. This behaviour has been verified in magne-
toresistance measurements [47]. In stark contrast, ∆2 remains practically constant
for temperatures below the MCEP which could explain the field independent en-
ergy scale witnessed in the inelastic magnetic response at Q1 [10], in terms of the
spin exciton scenario [25]. A continuous evolution with the field is not compatible
with the first-order character of the metamagnetic step. This property can settle
the controversy concerning the observed field dependence of the HO.
Our self-consistent phase diagram exhibits double-step metamagnetism (Fig. 1d)
at Bc1=33.5T and Bc2 ≃41T, below 3K in agreement with experiments [35, 36].
Note that the occurrence of metamagnetism in such a high field scale is also re-
lated to the appearance of the dxy component, which leads to an enhancement of
the critical temperature of the dominant dx2−y2 order parameter (see Appendix).
The gradual increment of the field shifts the four quasiparticle bands through the
combined orbital-Zeeman coupling (see Eq.B3). At each Bc an additional energy
branch crosses the Fermi level (Fig. 1e) providing an abrupt increase to the density
of carriers of the system and a concomitant steep enhancement of the magnetiza-
tion [48]. For higher temperatures the first order character of the metamagnetic
steps becomes milder, leading to a smoother increase of the magnetization in this
region of fields.
The pronounced similaritities presented in our phase diagram compared to
Ref. [35, 36], are accompanied by important ramifications arising from the finite
chirality of the order parameter. First and more importantly, the chiral HO is
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Figure 1. a. Self-consistently extracted B−T phase diagram of the chiral d-spin density wave. The chiral
HO is present in the whole phase diagram. The reduced magnitude of the order parameters in the high field
and temperature regions, mask its presence providing a thermodynamic phase boundary (dashed lines). b. A
Metamagnetic Critical End Point (MCEP) is located at T ≃ 3K and B = Bc1 = 33.5T. Two metamagnetic
steps appear at Bc1 = 33.5T and Bc1 ≃ 41T along with the formation of crossover areas (separated by
dash-dotted lines), in agreement with the experimental observations [35, 36]. c. For T<3K, the d
x2−y2
order parameter is nearly constant until B = Bc1, where it abruptly decreases. This is presumably the gap
seen in neutron scattering experiments [10]. Above the MCEP, the gap evolves smoothly with the field,
explaining the dependence arising from bulk measurements [47]. The saturation appearing in high fields
does not give rise to any thermodynamic anomaly, rendering the chiral HO experimentally undetectable. d.
The metamagnetic steps are accompanied by an abrupt increase of the magnetization. For higher tempe-
ratures the first order character becomes milder leading to a smooth evolution. e. The cascade of the
metamagnetic transitions, appears due to additional band crossings at each Bc [48]. The reconstruction of
the Fermi surface increases steeply the carriers of the system and concomitantly the magnetization.
present in the whole diagram, due to the enhanced critical temperature, originat-
ing from the orbital magnetic-field coupling. For magnetic fields Bc1 < B < Bc2,
both order parameters of the chiral phase suffer a severe decrease in their mag-
nitude. Consequently, the chiral dxy + idx2−y2 phase is still present in this region
but unavoidably masked due to the destruction of its topological rigidity. The HO
persists even for B ≥ Bc2, behaving as a polarized paramagnetic metal.
Despite of the continuous presence of the chiral HO, the emergence of the MCEP
may lead to the generation of novel phases at Bc1, that could coexist with the chiral
HO, constituting phases III,V of Ref. [35]. It has been shown that under quite
generic conditions, the effect of a Zeeman field on a charge density wave can lead
to a field-induced SDW transition and vice versa [48, 49]. In this sense, the magnetic
field permits a number of possible induced phases [50, 51] such as the chiral spin
singlet d-density wave phase, studied in the context of high-Tc superconductors
August 18, 2018 Philosophical Magazine Magnetic˙field˙induced˙chiral˙HO
5
[42, 43, 45, 46, 52], or even the spin singlet and triplet electron nematic phases
[24, 53–56].
4. Giant Nernst signal and anomalous thermoelectricity
By taking into account both topological and quasiparticle contributions in com-
puting the electric (σxx, σxy) and thermoelectric conductivity (αxx, αxy) tensor
elements, we demonstrate that the Nernst response in the HO phase can be under-
stood in terms of the chiral dxy + idx2−y2 HO parameter. Using the values of the
order parameters providing the phase diagram of Fig. 1, we obtain a giant Nernst
signal, that has a magnitude of about one order larger than the one observed in
the experiments [57]. The origin of the ‘tilted-hill’ Nernst signal is directly related
to the chirality and the strong Fermi surface gapping. As presented in Ref. [46],
the strong insulating character of the chiral HO phase forces the thermopower and
the Nernst signal to become equal at a thermoelectric crossing point. In the vici-
nity of this point, the usually large values of the thermopower also imply a Nernst
signal of the same magnitude, leading unavoidably to an enhancement of the lat-
ter. However, the thermoelectric rigitity and the tendency towards a giant Nernst
signal are lost exactly at Bc1. The steep decrease of the dx2−y2 gap across this first
order transition and the concomitant Fermi surface reconstruction which partially
destroys the insulating properties of the phase, lead to the full supression of the
response (Fig. 2a) in accordance with Ref. [39].
Furthermore, the Nernst coefficient exhibits a peaked structure with temperature
and decreases upon raising the magnetic field already at 10K (Fig. 2b). Notice
that although this phase is also present even above 17.5K, it does not lead to a
large Nernst signal, becoming in this manner experimentally elusive. We have also
calculated the resistivity for finite fields and temperatures. We observe in Fig. 2c
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Figure 2. a. B−T dependence of the self-consistently calculated Nernst signal. The arising Nernst response
presents a large positive signal, of about one order larger than the experimentally observed [38]. The giant
response originates from the topological robustness of the chiral phase [46]. The field destruction of the
Nernst signal at Bc1 agrees with the experiment [39], although here, it is accompanied by the dramatic
reduction, rather than the collapse of the dxy , dx2−y2 order parameters. b. The Nernst coefficient ν = N/Bz
shows a ‘tilted-hill’ profile, with a pronounced peak in the region 3-5K following the experimental data [38].
c. Field dependence of the resistivity for several temperatures. For T < To, the presence of a ‘kink’, also
found in experiments [39], may be naturally attributed to the field-enhancement of the dxy component.
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that the field dependence of the resistivity exhibits a kink with the increase of the
magnetic field. This is a definite fingerprint of the field induced dxy component and
coincides with the experimental findings [39]. This kink shifts to lower magnetic
fields upon raising temperature, since the dxy gap gradually weakens.
5. Prediction of a non-linear B-dependence for the Kerr angle due to the
induced chirality
To verify our scenario we propose the measurement of the Kerr angle [43] in the
presence of a static magnetic field. This type of measurement is an ideal probe of
the possible emergence of chirality in the HO phase [58]. The field-induced chiral
HO will provide the dominant contribution to the Kerr angle. More importantly,
we expect that the arising Kerr angle ϑK will exhibit a distinctive magnetic field
dependence when the sample is cooled down and heated up again in the presence
of a static external magnetic field (Fig. 3). The Kerr angle [43, 58, 59] is defined as
ϑK =
4pi
n(n2 − 1)da2
σℑxy(ω)
ω
, (1)
where n is the refractive index, d is the c-axis thickness of the sample, a = 5A˚
the in plane lattice constant and σℑxy the imaginary part of the dynamical Hall
conductivity. In the low field regime (B ≤ 20T ), the dynamical Hall conductivity
is dominated by the chirality contribution. For a Sagnac inteferometer [58] ~ω =
0.8eV = 6420cm−1 and λ = 1550nm, while the plasma frequency of URu2Si2 is
~ωp = 2131cm
−1 ≃ 266meV [60]. The refractive index in this case is defined as
n =
√
1− (ωp/ω)
2. Since ω >> ωp we may use the approximation n ≃ 1 and
n2 − 1 = − (ωp/ω)
2. We find that the Kerr angle is equal to
ϑK(B, T ) =
4pi
n(n2 − 1)da2
σℑxy(ω)
ω
≃ −
2
n(n2 − 1)
e2
~c
λ
d
∆1(B, T )
~ω
= −2
e2
~c
λ
d
∆1(B, T )
~ωp
(
ω
ωp
)
. (2)
Figure 3. Predicted magnetic field dependence of the Kerr angle due to the magnetic induction of the
chiral HO. The emergence of the chiral d-SDW yields a large field-induced Kerr angle. The latter can
be observed only for finite magnetic fields, and even above To, due to the increase of the HO critical
temperature arising from the magnetic induction of the dxy order parameter (see Appendix). Starkingly,
for low temperatures we obtain a characteristic non-linear B-dependence which can identify the emergence
of the field-induced chiral HO proposed here.
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By taking into account the value of the fine structure constant e2/~c = 1/137
and by setting d ≃ 2nm, we obtain a rough estimation of the Kerr angle as
ϑK ≃ 128∆1mrad with ∆1 in meV. The maximum value of ∆1 is equal to 1.5meV,
which defines an upper bound ϑK ≤ 190mrad. The magnitude of the Kerr angle
demonstrates that the expected response is very large and easily detectable. The
observation of the particular non-linear B-dependent chirality contribution to the
Kerr angle, as opposed to the linearly dependent quasiparticle contribution, consti-
tutes a sharp signature of our magnetic-field-induced chiral HO scenario, unveiling
its possible connection to the intricate URu2Si2 phenomenology.
6. Summary and conclusions
In conclusion, assuming that the zero-field HO in URu2Si2 is an unconventional
idx2−y2 spin density wave phase that preserves TRS, we have demonstrated that
both the giant anomalous Nernst signal and the double-step metamagnetism ob-
served in the HO of this material can be understood in a unified way, in terms
of a magnetic field-induced dxy component which renders the HO chiral in finite
magnetic fields. This chiral HO is characterized by a finite orbital ferromagnetic
moment (arising from a finite Berry curvature) which ensures a robust giant anoma-
lous Nernst signal. At the same time, the interplay of orbital and Zeeman moments
allow for a sequential softening of the emergent four quasiparticle branches by the
magnetic field, leading to double-step metamagnetism.
Within a mean-field theory for the magnetic field-induced chiral HO, while taking
fully into account effects of induced orbital moment in the chiral phase, we have
numerically obtained the B − T phase diagram of this material. For the same set
of numerical self-consistent data, we have shown that also the temperature profile
of the obtained Nernst signal matches that of the relevant experiments. In order
to unveil the chiral nature of the HO, we propose a Kerr effect experiment in the
presence of an external magnetic field. We predict a characteristic temperature and
magnetic field profile of the Kerr angle. If the latter is indeed observed, this would
open a new perspective to our understanding of the HO in URu2Si2.
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Appendix A. Mean-field decoupling and order parameter symmetries
Based on the phenomenology of URu2Si2, we assume that in the real material,
the chiral d-SDW orders at the incommensurate wave vector Q1 = (1 ± 0.4, 0, 0).
However, describing microscopically a chiral order parameter with this ordering
wave-vector, demands taking into account the main four Fermi lines that give
rise to this nesting symmetry [1, 2]. This is a very complex and unnecessary task
since our results do not depend on the microscopic details of the model. Our re-
sults concerning the anomalous Hall thermoelectric transport are based solely on
the topological content and the symmetry properties of this phase. Moreover, the
phase diagram and the metamagnetic transitions are also based on the general
principles of itinerant metamagnetism, according to which this phenomenon origi-
nates from band crossing [3]. Under these conditions it is permissible to consider
a simplified single-band tight-binding model characterized by the nesting condi-
tion ε(k +Q) = −ε(k) = −[−2t(cos kx + cos ky)] with the commensurate nesting
wave-vector Q = (pi, pi). This condition, should stand in a similar way for the
real bands of URu2Si2, and within our approximate simple model we simulate
this situation. Finally, within this framework we consider the d-wave harmonics
∆1(k) = ∆1 sin kx sin ky, ∆2(k) = ∆2(cos kx − cos ky) with ∆1,2 = ∆
∗
1,2.
To study the phase diagram of the chiral d-SDW phase we consider that it is
driven by an a inter-site Coulomb repulsion including nearest and next-nearest
neighbours
Vint = −
1
v
∑
k,k′
∑
s,s′
V (k − k′)c†k,sck+Q,s′c
†
k′+Q,s′ck′,s (A1)
with s, s′ =↑, ↓ and V (q) = 2V ′(cos qx + cos qy) + 4V
′′ cos qx cos qy. The momenta
k,k′ belong to the whole Brillouin zone (B.Z.) if Q is incommensurate and in the
reduced Brillouin zone if Q is commensurate satisfying k+2Q = k. The potential
is separable providing V (k − k′) =
∑
n Vnfn(k)fn(k
′) with n = 1, 2, .., 8 corre-
sponding to the form factors fn(k) : cos kx ± cos ky, sin kx ± sin ky, cos kx cos ky,
sin kx sin ky, cos kx sin ky, sin kx cos ky with the driving potentials Vn = V
′ for
n = 1, 2, 3, 4 and Vn = 4V ′′ for the rest. Then within a mean-field treatment
we introduce the staggered order parameters
∆ssQ(k) = −
1
v
∑
k′
V (k − k′)
〈
c†k′+Q,sck′,s
〉
=
∑
n
∆ssQ,n(k) s =↑, ↓ (A2)
and the corresponding irreducible k-independent staggered order parameters
∆ssQ,n = −
1
v
∑
k
Vnfn(k)
〈
c†k+Q,sck,s
〉
s =↑, ↓ . (A3)
The interaction decouples in the following way
Vint =
∑
k
{
∆↑↑Q (k)c
†
k,↑ck+Q,↑ +∆
↓↓
Q (k)c
†
k,↓ck+Q,↓ + h.c.
}
+ v
∑
n,s
|∆ssQ,n|
2
Vn
, (A4)
with v the volume of the corresponding B.Z.. By introducing the spinor Ψ†k =
(c†k,↑ c
†
k,↓ c
†
k+Q,↑ c
†
k+Q,↓) and by using the isospin and spin Pauli matrices τi, si
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with i = 1, 2, 3 complemented by the related unit matrices τ0 , s0, we fur-
nish a representation of the 4 × 4 mean-field hamiltonian as Kronecker pro-
ducts of the form τµ ⊗ sν where µ, ν = 0, 1, 2, 3 (for simplicity we omit ⊗).
The most general chiral d-SDW state is defined as ∆zQ(k) = ∆1(k) − i∆2(k).
Moreover we introduce the kinetic term of the paramagnetic state H0 =∑
k,s
{
(ε(k)− µ)c†k,sck,s + (ε(k +Q)− µ)c
†
k+Q,sck+Q,s
}
along with a chemical po-
tential µ. Putting together all these terms and using the fact that in the spin-triplet
state ∆zQ = ∆
↑↑
Q = −∆
↓↓
Q , we obtain the quasiparticle Hamiltonian
Hq−p =
∑
k
Ψ†k
{∆1(k) + ∆∗1(k)
2
τ1s3 +
∆1(k)−∆
∗
1(k)
2
iτ2s3
− i
∆2(k)−∆
∗
2(k)
2
τ1s3 +
∆2(k) + ∆
∗
2(k)
2
τ2s3
+
ε(k) + ε(k +Q)
2
τ0s0 +
ε(k)− ε(k +Q)
2
τ3s0 − µτ0s0
}
Ψk , (A5)
and the elastic energy needed to build up the two density wave gaps
H∆2 = 2v
(
|∆1|
2
4V ′′
+
|∆2|
2
V ′
)
. (A6)
Appendix B. Intrinsic orbital moment and magnetic field coupling
With these definitions we may write the quasiparticle hamiltonian in the con-
densed form Hq−p =
∑
kΨ
†
k {ĝ(k) · τ − µ}Ψk where we have introduced the
vector ĝ(k) =
(
∆1(k)s3,∆2(k)s3, ε(k)s0
)
. Diagonalizing the above hamiltonian
yields the eigenstates |Φs,ν(k)〉 with energy dispersions Es,ν(k) = −µ+ νE(k) and
ν = ±, s =↑, ↓, E(k) = |ĝ(k)| =
√
ε2(k) + |∆zQ(k)|
2. The non trivial topologi-
cal content of this Hamiltonian generates a non zero U(1) Berry connection [4]
As,ν(k) = 〈Φs,ν(k) | i∇k | Φs,ν(k)〉 and a corresponding Berry curvature defined
as Ωs,ν(k) =∇k×As,ν(k) = Ω
z
s,ν(k)zˆ, i.e. oriented along the z-axis. The detailed
expression for the Berry curvature reads [5–8]
Ωzs,ν(k) =
1
2
Trs
{
−νa2
2E3(k)
ĝ(k) ·
(
∂ĝ(k)
∂kx
×
∂ĝ(k)
∂ky
)}
. (B1)
We observe that the Berry curvature is not depending on spin while it just changes
sign when ν = ±. The intrinsic orbital moment of this state is straighforward
calculated using the definition [4]
ms,ν(k) =
e
2~i
〈∇kΦs,ν(k) | ×
[
H(k)− Es,ν(k)
]
|∇kΦs,ν(k)〉
=
eν
~
E(k)Ωs,ν(k) . (B2)
One may observe that the orbital moment is band independent. When we apply a
magnetic field, the system interacts with both the Zeeman and the orbital moment
mz(k) = eE(k)Ω
z
s,+(k)/~ yielding the following interacting Hamiltonian HB(k) =
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−(µBτ0s3−mz(k)τ0s0)B. The inclusion of the magnetic coupling leads to the four
field dependent eigenenergies:
EBs,ν(k) = −[sµB −mz(k)]B + ν
√
ε2(k) + |∆zQ(k)|
2 , ν, s = ± (B3)
corresponding to the conduction and valence bands of the upper and lower spin
sectors respectively.
Appendix C. Free energy and self-consistency equations
Having set up the microscopic description of the chiral d-SDW condensate, inte-
racting with both Zeeman and the intrisic orbital moments with a magnetic field,
we may solve the self-consistency equations that derive from the minimization of
the free-energy functional
F = 2v
(
∆21
4V ′′
+
∆22
V ′
)
−
1
β
∑
k,s,ν
ln
(
1 + e−βE
B
s,ν(k)
)
, (C1)
with t = 50meV, µ = 0.69meV, µB = 0.058meV/T, a = 5A˚, V
′ = 23.5meV and
V ′′ = 35.25meV. Minimization of the above yields the following two self-consistency
equations, that determine the order parameters of the chiral d-SDW [6]
∆i =
−Vi
2v
∑
k,s,ν
ν∆i f2i (k)2E(k) + ea2t~ Bz∆˜i S(k)E2(k)
1− 2(∆i (k)
E(k)
)2
×nF
[
EBs,ν(k)
]
, (C2)
with V1 = 4V
′′, V2 = V
′, ∆˜1,2 = ∆2,1, S(k) = sin
2 kx cos
2 ky + sin
2 ky and nF the
Fermi-Dirac distribution.
Appendix D. Landau theory of the magnetic-field-induced chiral d-spin
density wave HO and Tc enhancement
In order to understand phenomenologically the mechanism leading to the field-
induced chiral HO as this arises microscopically from the previous appendices,
we can construct a employ a Landau description. The numerical solution of the
equations, points to the following Landau picture for the chiral d-spin density wave
order
F = α1
∆21
2
+ α2(T − To )
∆22
2
+ β
∆42
4
− g∆1∆2Bz (D1)
The phenomenological constants α1,2, β and the field Bz, are positive. The co-
efficient α1 ensures that the dxy component is magnetic-field induced. From the
numerical analysis we have discerned that the sign of the orbital coupling g, is also
positive. With this convention ∆1,2 have the same sign. The mean-field solution
for the ∆1 component yields
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∂F
∂∆1
= 0⇒ α1∆2 = g∆2Bz . (D2)
One may ‘integrate out’ the induced ∆1 component and obtain an effective theory
only in terms of the driving dx2−y2 order parameter ∆2. This is straightforward,
yielding
Feff = α(T − To )
∆22
2
+ β
∆42
4
−
g2
α1
∆22B
2
z = α
[
T − To (Bz)
] ∆22
2
+ β
∆42
4
. (D3)
Note, that since α1 > 0, the quadratic magnetic-field-coupling leads to an en-
hanced critical temperature To (Bz) = To +
g2
α1
B2z for the dx2−y2 component and
consequently for the chiral order. In the magnetic-field-induced chiral d-spin den-
sity wave, the ∆2 order parameter is driving the transition.
Appendix E. Magnetization and thermoelectric response
As far as the magnetic and transport properties are concerned, we have used the
expressions found in the theory of orbital magnetization [4]. The magnetization is
the summation of both spin and orbital contributions in the following way MBz =
MBz,spin +M
B
z,orb where:
MBz,spin =
1
v
∑
k,s,ν
{(
1 +
eBa2
~
Ωzs,ν(k)
)
µBs nF [E
B
s,ν(k)]
}
(E1)
MBz,orb =
1
v
∑
k,s,ν
{(
1 +
eBa2
~
Ωzs,ν(k)
)
mz(k)nF [E
B
s,ν(k)]
+
ea2
~
Ωzs,ν(k)kBT ln
(
1 + e−E
B
s,ν(k)/kBT
)}
. (E2)
The above expressions include the Berry phase correction to the electronic density
of states, as this is apparent from the factor
(
1 + eBa
2
~
Ωzs,ν(k)
)
in the first equation.
For transport properties, we have taken into account both topological (σBxy,top,
αBxy,top) and quasiparticle contributions (σ
B
xy,q−p, α
B
xy,q−p) in calculating the Hall
transport, while we have incorporated the Berry phase corrections in the scattering
time and density states of the system. We have used τs,ν(k) ≡ τ = 3.3 · 10
−13s.
Based on experimental data [9]m∗ = 25me, and ωcτ(B = 1T ) = 0.08, the estimated
scattering time is of the order of 10−12s. In order to illustrate the chirality induced
giant Nernst signal, we have on purpose selected a 3 times smaller relaxation time
so to demonstrate that the possible enhancement of the quasiparticle contribution
due to a large τ , is not crucial for the anomalous Hall thermoelectricity. In finite
magnetic fields, the initially constant relaxation time, becomes field and momen-
tum dependent in the following manner: τBs,ν(k) =
τ
1+ e
~
BΩzs,ν(k)
. The electric and
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thermoelectric coefficients read:
σBxx = −
1
v
∑
k,s,ν
n′F
[
EBs,ν(k)
]
1 + e
~
BΩzs,ν(k)
(
τBs,ν(k)
~
)[
vx,Bs,ν (k)
]2
,
αBxx = +
1
v
∑
k,s,ν
n′F
[
EBs,ν(k)
]
1 + e
~
BΩzs,ν(k)
(
τBs,ν(k)
~
)[
vx,Bs,ν (k)
]2(EBs,ν(k)
kBT
)
,
σBxy,top = −
1
v
∑
k,s,ν
nF [E
B
s,ν(k)]Ω
z
s,ν(k) ,
αBxy,top = +
1
v
∑
k,s,ν
{(
EBs,ν(k)
kBT
)
nF [E
B
s,ν(k)] + ln
(
1 + e−E
B
s,ν(k)/kBT
)}
Ωzs,ν(k) ,
σBxy,q−p = −
1
v
∑
k,s,ν
n′F
[
EBs,ν(k)
]
1 + e
~
BΩzs,ν(k)
(
τBs,ν(k)
~
)2
ea2B
~
vx,Bs,ν (k)
(
εijzv
j,B
s,ν (k)
∂
∂ki
)
× vy,Bs,ν (k), i, j = x, y ,
αBxy,q−p = −
1
v
∑
k,s,ν
n′F
[
EBs,ν(k)
]
1 + e
~
BΩzs,ν(k)
(
τBs,ν(k)
~
)2
ea2B
~
vx,Bs,ν (k)
(
εijzv
j,B
s,ν (k)
∂
∂ki
)
× vy,Bs,ν (k)
(
EBs,ν(k)
kBT
)
, i, j = x, y .
with units [σ] = ea2/~ and [α] = (kB/e)[σ]. We have also introduced the field
dependent velocities vBs,ν(k) = ∇kE
B
s,ν(k). The Nernst signal and the resistivity
are calculated from the following expressions
N =
Ey
−∂xT
=
σBxxα
B
xy − α
B
xxσ
B
xy
σBxxσ
B
yy + σ
B
xyσ
B
xy
, ρBxx =
σBxx
σBxxσ
B
yy + σ
B
xyσ
B
xy
. (E3)
Appendix F. Kerr effect in the presence of a static magnetic field
For the calculations of the Kerr angle in the presence of small external static
magnetic fields, only the topological dynamical Hall conductivity is important in
our case, defined as σxy(ω) =
Πxycc (q→0,iωs→ω+i0
+)
−iω with Π
cc
xy(q, iωs) the current-
current polarization function originating from the bubble diagram:
Πccij (iωs, q) =
a2
β
∑
ikn,k
Trτ,s
{
Ĝ(ikn,k) Γ̂
µ
i (k,k + q)τµ Ĝ(ikn + iωs,k + q) Γ̂
ν
j (k + q,k)τν
}
and Ĝ(ikn,k) is the bare matrix Matsubara Green’s function
Ĝ(ikn,k) =
ikn − µBs3 −mz(k)− µ+ ĝ(k) · τ
(ikn − µBs3 −mz(k)− µ)
2 − E2(k)
(F1)
and the vertex functions Γ̂µi (k,k+q) are defined as the coefficients of the fermion-
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gauge field coupling written in the form
∑
q J
c
i (q)A
i(−q) =
∑
q,kΨ
†
k+qΓ̂
µ
i (k +
q,k)τµΨkA
i(−q). Consequently they are known if we find the fermionic currents.
We start by the equation of continuity of the electric charge Qel =
∫
drρ(r) in
momentum space ρ˙(q) − iq · Jc(q) = 0, where we have introduced the electric
charge density ρ(q) = −e
∑
kΨ
†
k+qΨk. The corresponding electric current can be
derived from the equation of continuity as the limit
Jc(q) = −i lim
q→0
∇q ρ˙(q) = lim
q→0
∇q [ H, ρ(q) ] = −e
∑
k
Ψ†k+qV̂ (k)Ψk (F2)
with V̂ (k) = ∇kĤ(k) the velocity defined in spinor space. Consequently Γ̂
0
i (k +
q,k) = 0 and Γ̂i (k+ q,k) =
∂ĝ(k)
∂ki
. Straightforward calculation of the polarization
tensor yields the Hall topological conductivity
σxy(ω) =
e2
~v
∑
k,s,ν
4E2(k) nF
[
EBs,ν(k)
]
Ωzs,ν(k)
[~ω + iη − 2E(k)] [~ω + iη + 2E(k)]
. (F3)
The imaginary part of the conductivity for ω > 0 is given as
σℑxy(ω) = −
pie2~ω
2~v
∑
k,s,ν
nF
[
EBs,ν(k)
]
Ωzs,ν(k)δ[~ω − 2E(k)] , (F4)
where due to the delta function we have the simplification EBs,ν(k) = −µ− [µBs+
mz(k)]B + ν~ω/2. Typically, ~ω is of the order of eV, definitely larger than the
energy scales considered here. This means that nF
[
EBs,ν(k)
]
≃ nF [ν~ω/2]. For low
fields, the physics may be well described by considering an expansion around the
k0 = (
pi
2 ,
pi
2 ) point. In this case, Ω
z
s,ν(k) ≃ 2νa
2t∆1∆2/E
3(k) = 16νa2t∆1∆2/(~ω)
3,
E(k) =
√
∆21 +∆
2
2(δkx − δky)
2 + (2t)2(δkx + δky)2, with δk = k − k0 and
1
v
∑
k∈B.Z. =
∫ Ec
∆1
dE E/[2pi(4t∆2)].
σℑxy(ω) =
e2∆1
~
1− 2nF (~ω/2)
~ω
a2 ≃
e2
~
∆1
~ω
a2 . (F5)
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